Introduction
Programmed death-1 receptor (PD-1) or its ligand-1 (PD-L1, B7-H1) is a promising therapeutic target in aggressive cancers (1, 2) . PD-1 is mainly expressed by exhausted or suppressive lymphocytes and represents defects in adaptive immunity (3) (4) (5) . Nevertheless, PD-L1 is chiefly detected in inflamed epithelial tissues or activated stromal cells; its expression is assumed to duplicate the IFN-γ signature (6, 7) and represents a predictive biomarker of benefit from PD-1/PD-L1 axis mAbs (8) (9) (10) (11) (12) . However, in cancer patients with a PD-L1-positive signature, clinical response to PD-1/PD-L1 axis mAbs is still extremely low (13, 14) , exposing the fact that PD-L1 expression may represent more intricate signatures in human cancers and cannot exclusively predict improved therapeutic efficacies. At present, immune landscapes and cancer hallmarks of human PD-L1 + tumors are in fact unclear. Furthermore, a related issue that must be addressed is whether immune landscapes of PD-L1 + tumors control the efficacies of cancer therapeutic strategies and, if so, how they exert that influence.
In this study, we have investigated the gene data in 37 cohorts of 9769 patients of 32 types of human cancers and isolated the signal released from the inflammatory infiltrates to characterize the immune signatures of PD-L1 + tumors. We identify a diversity of immune signatures of PD-L1 + tumors and show that balance of macrophage and T cell infiltration in PD-L1 + tumors controls patients' clinical outcomes. Strikingly, we reveal that PD-L1 + cancer cells generated by macrophage-mediated inflammatory circumstance even acquire capabilities of supporting angiogenesis, metastasizing, and resisting killing by conventional chemotherapy and T cell cytotoxicity. In contrast, PD-L1 + cancer cells induced by activated T cells are debilitated and sensitive to therapy. Importantly, we demonstrate that a therapeutic strategy combining immune-checkpoint blockade with macrophage depletion or NF-κB inhibition effectively defeats tumors and even elicits complete regression in vivo.
Results

PD-L1 mirrors multiple immune signatures in human cancers.
It is assumed that PD-L1 (CD274) mirrors the IFN-γ signature in cancers. However, we analyzed the relationship between PD-L1 and IFN-γ in human hepatocellular carcinoma (HCC) and observed that, in tumor tissues of 345 HCC patients (Supplemental Table 1 ; supplemental material available online with this article; https://doi. org/10.1172/JCI127726DS1), PD-L1 expression did not replicate the IFN-γ signature, although the tissue with a high IFN-γ signaProgrammed death-1 receptor ligand 1 (PD-L1) is a promising therapeutic target in aggressive cancers. However, immune landscapes and cancer hallmarks of human PD-L1 + tumors as well as their roles in determining therapeutic efficacies are unknown. Here, we showed, in detailed studies of gene data regarding 9769 patients of 32 types of human cancers, that PD-L1 could not exclusively represent the IFN-γ signature and potentially signified proinflammatory myeloid responses in a tumor. PD-L1 heterogeneity endowed by local immune landscapes controlled cancer hallmarks and clinical outcomes of patients. Mechanically, NF-κB signal elicited by macrophage inflammatory responses generated PD-L1 + cancer cells exhibiting capabilities to aggressively survive, support angiogenesis, and metastasize, whereas STAT1 signal triggered by activated T cells induced PD-L1 + cancer cells susceptive to apoptosis. Importantly, PD-L1 + cancer cells generated by macrophages established great resistance to conventional chemotherapy, cytotoxicity of tumor-specific effector T cells, and therapy of immune-checkpoint blockade. Therapeutic strategy combining immune-checkpoint blockade with macrophage depletion or NF-κB inhibition in vivo effectively and successfully elicited cancer regression. Our results provide insight into the functional features of PD-L1 + tumors and suggest that strategies to influence functional activities of inflammatory cells may benefit immune-checkpoint blockade therapy.
The local immune landscape determines tumor PD-L1 heterogeneity and sensitivity to therapy 2 groups according to PD-L1 expression. Similarly, in those with the PD-L1 hi signature, a very small fraction displayed the IFN-γ hi signature ( Figure 1C ). These data prompted us to further investigate the immune signature of PD-L1 hi tumors. We identified 53 genes correlated with PD-L1 expression in HCC tissues (n = 373, R ≥ 0.5, P ≤ 0.05) and annotated these genes using Gene Ontology (GO) (Figure 1D) . Interestingly, among the top 10 enrichment GO terms, 4 ture frequently expressed marked PD-L1 ( Figure 1A) . We came to the same conclusion using the The Cancer Genome Atlas (TCGA) RNA-Seq data regarding 9138 patients with 32 types of cancers (15) : in 27 types of human cancers analyzed, PD-L1 expression was either unrelated (P > 0.05 or R < 0.3) or weakly related (P ≤ 0.05, 0.3 ≤ R < 0.5) to IFN-γ expression (Figure 1B and Supplemental  Table 2 ). We further divided patients with each type of cancers into hi and CD274 lo patients expressing higher levels of IFNG were shown. (D) Top 10 biological processes (GO terms) enriched in 53 genes strongly correlated with CD274 expression in HCC samples from TCGA data set (R > 0.5; P < 0.0001). (E) GSEA of TNF signature (left) and IL-1 signature (right) in CD274 hi HCC samples versus CD274 lo counterparts from TCGA data set. The enrichment scores and P values were calculated by GSEA with weighted enrichment statistics and ratio of classes for the metric as input parameters. jci.org
Volume 129 Number 8 August 2019 PD-L1 and patients' recurrence ( Figure 2E ). Moreover, 138 HCC patients in the same cohort with the PD-L1 hi signature were further divided into 4 groups according to the ratio of macrophages to T cells in tumors. Although the intensities of PD-L1 expression among 4 groups were extremely similar (Supplemental Figure 1A) , the clinical outcome of PD-L1 hi patients inversely correlated with the ratio of macrophages to T cells ( Figure 2E ). Univariate ( Figure  2F ) and multivariate ( Figure 2G ) regression analyses demonstrated that the ratio of macrophages to T cells in PD-L1 hi tumors was an independent predictor of HCC aggressiveness, with significant hazard ratios for predicting clinical outcome. We obtained parallel conclusions regarding validation cohorts of patients with lung adenocarcinoma (LUAD), colon adenocarcinoma (COAD), and stomach adenocarcinoma (STAD) (n = 89, 82, and 78, respectively) ( Figure 2H , Supplemental Figure 1 , B-D, and Supplemental Table  4 ). Thus, macrophages and T cells are present predominantly in tumor tissues with the PD-L1 hi signature and their balances determine PD-L1-related clinical outcomes.
Distinct induction patterns of cancer cell PD-L1 by tumor macrophages and T cells. We now asked whether immune landscapes of PD-L1 hi tumors mirrored the mechanisms regulating PD-L1 expression. Most tumor tissues from HCC patients were positive for cancer cell PD-L1, although intensities of that protein among patients were dissimilar ( Figure 3, A and B) . Inoculating with human hepatoma tissues (n = 6) in NOD SCID mice led to a complete loss of cancer cell PD-L1 ( Figure 3, A and B) . Correspondingly, exposing hepatoma cell line cells, including Hep3B, Huh7, and HepG2, to conditioned medium (CM) from a culture of tumor pathways that related to proinflammatory TNF or the IL-1 signature were enriched intensively. Five pathways concerning innate activation, cytokine biosynthetic process, or immune regulation were also noted. Notably, although the pathway associated with the IFN-γ signature was also enriched, its priority was extremely low ( Figure  1D ). Using Gene Set Enrichment Analysis (GSEA) (Supplemental Table 3 ), we confirmed that genes indicating the IL-1 and TNF signatures were dominantly enriched in PD-L1 hi HCC tumors ( Figure  1E ). Thus, these data suggest that PD-L1 also has great potential to predict proinflammatory innate response in human cancers.
Immune landscapes of PD-L1 hi tumors determine patients' clinical outcomes. We next probed the composition of immune landscapes in PD-L1 hi tumors. In 32 types of cancers analyzed, PD-L1 signatures, although not absolutely, did potentially reflect the infiltration of macrophages and T cells, but this was minimally correlated with the expression of lineage markers of B cells, NK cells, or neutrophils in most types of human cancers (Figure 2A ). Using immunohistochemical and immunofluorescent staining, we confirmed that macrophages and T cells separately or together accumulated in PD-L1 hi tumors, but not in PD-L1 lo tumors (Figure 2 , B-D). It should be emphasized that most macrophages in PD-L1 hi tumors were also positive for PD-L1 ( Figure 2C ), sustaining the view that stromal cells contribute to PD-L1-associated suppression (16) (17) (18) (19) .
We afterward investigated the influence of immune landscapes on PD-L1-related clinical outcomes. 276 HCC patients who had received curative resection with follow-up data were divided into 2 groups according to the median value of PD-L1 expression in tumors. Unexpectedly, no correlation was found between Figure  4A ). Of note, TAM-CM selectively activated PI3K/AKT, MAPK, and NF-κB ( Figure 4A ), suggesting the possibility that the mechanisms employed by macrophages and T cells to trigger cancer cell PD-L1 are different. Consistently, blocking the activation of the NF-κB signal impaired TAM-CM-induced cancer cell PD-L1, whereas abolishing the activation of the STAT1 signal attenuated T cell-CM-mediated expression of that protein ( Figure 4B and Supplemental Figure 2D ). In contrast, suppressing MAPK, AKT, or STAT3 signals had no effect ( Figure 4B ). In human HCCs, macrophages showed inflammatory features with significant expression of TNFA, IL1B, IL12A, IL6, and TGFB (20) . Accordingly, neutralizing the activity of either TNF-α or IL-1β, but not that of IL-12, IL-6, or TGF-β, reversed the TAM-CM-elicited NF-κB P65 nuclear translocation and suppressed subsequent PD-L1 upregulation in leukocytes resulted in rapid upregulation of PD-L1, reaching a maximum within 3 days and then gradually declining after removing the CM ( Table 5 ). Dissimilarly, IFN-γ was critical for T cell-CM in inducing hepatoma PD-L1 ( Figure 4D ). We established autologous mouse models to investigate the regulation of cancer cell PD-L1 in vivo. Hepa1-6 hepatoma from liver of immune-competent mice considerably expressed PD-L1, although it was minimally expressed when cultured in vitro ( Figure 4E ). In support, knockdown of either IFNGR1 or P65 in Hepa1-6 hepatoma effectively impaired PD-L1 expression in vivo ( Figure 4F and Supplemental Figure 2E) . Notably, knockdown of P65 effectively suppressed hepatoma growth in mice, but knockdown of IFNGR1 promoted that process in mice ( Figure 4G ). The same conclusion was obtained when we depleted macrophages or T cells in mice bearing Hepa1-6 hepatoma or B16-F10 melanoma ( tures during disease progression. We next determined and compared the functional features of PD-L1 + cancer cells triggered by tumor macrophages and T cells. We transduced hepatoma HepG2 cells with pBABE-Puro retroviral vector encoding human PD-L1 (Supplemental Figure 3A) and simultaneously generated PD-L1 + HepG2 cells through exposure to TAM-CM and T cell-CM (Figure 3E) . T cell-CM-generated PD-L1 + hepatoma cells undergoing serum starvation displayed proapoptotic status with reduced Mcl-1 and Bcl-xl and increased Bax and Bid ( Figure 5A ). In contrast, TAM-CM-triggered PD-L1 + cells expressed higher prosurvival Mcl-1 and Bcl-xl ( Figure 5A ), and these cells resisted serum starvation-elicited apoptosis ( Figure 5B ). Measuring the metastatic potential revealed that TAM-CM-triggered PD-L1 + hepatoma cells displayed a 5-fold increase in motility ( Figure 5C ). Consistently, TAM-CM-triggered PD-L1 + hepatoma cells selectively expressed increased vimentin and SNAI1 and reduced E-cadherin, suggesting a process of epithelial-mesenchymal transition (EMT) ( Figure 5, D and E) . Using SuperArray Real-Time PCR, we identified marked upregulation of several sets of proangiogenic genes in PD-L1 + hepatoma cells induced by TAM-CM, but not by T cell-CM ( Figure 5F and Supplemental Figure 3B ). These data together reveal that macrophages not only generate PD-L1 + cancer cells, but also endow the cells with capabilities to aggressively survive, migrate, and support angiogenesis. Using GSEA (Supplemental Table 3 ), we confirmed that genes indicating EMT, metastasis, and angiogenesis were selectively enriched in PD-L1
hi HCC, COAD, LUAD, and STAD tumors with a higher ratio of macrophages to T cells ( Figure 5G and Supplemental Figure 3C ). By analyzing the morphologic features of microvessels, we observed that PD-L1 hi HCC patients with a high ratio of macrophages to T cells tended to develop a sinusoidal vasculature in tumor tissues ( Figure 5H ). Considering that the NF-κB signal was required for macrophage-triggered PD-L1 + cancer cells ( Figure 4B ), we determined whether such a mechanism also contributes to aggressive features of a cancer. As expected, either suppressing the activation of NF-κB by inhibitor or knocking down the P65 NF-κB subunit significantly impaired the migration and EMT of hepatoma cells induced by TAM-CM ( Figure 6, A and B) . Analogously, induction of NF-κB activation in hepatoma cells by exposure to TNF-α and IL-1β (Figure 6, C and D) , both of which contributed in a marked way to TAM-CM-upregulated cancer cell PD-L1 (Figure 4, C and D) , not only generated PD-L1 + cancer cells (Supplemental Figure 4) , but also endowed the cells with aggressive features (Figure 6 , E-G). In contrast, IFN-γ could not trigger NF-κB activation and thus it marginally affected aggressive cancer features (Figure 6 , C-G), though it induced PD-L1 + hepatoma cells (Supplemental Figure 4) .
PD-L1
+ tumors generated differently respond to therapeutic strategies distinctly. After establishing the regulation, immune landscapes, and functional and clinical relevance of PD-L1 + cancer cells, we hypothesized that PD-L1 + cancer cells generated differently would respond to therapeutic strategies differently. Doxorubicin, an anthracycline commonly used in cancer therapy, at a atoma. The untreated Hepa1-6 cells were effectively killed during a narrow time window, 3 to 6 hours after their exposure to CD8 + T cells ( Figure 7E ). The Hepa1-6 cells transducing PD-L1 could partially resist T cell cytotoxicity, but this process was abolished by blocking the PD-L1 signal ( Figure 7E ). Dissimilarly, in the same occasion, TAM-CM-generated PD-L1 + hepatoma cells successfully avoided tumor-specific T cell cytotoxicity, while T cell-CMgenerated PD-L1 + hepatoma cells were killed at levels comparable to those seen in untreated Hepa1-6 cells ( Figure 7E ). Moreover, measuring the functional status of tumor-specific CD8 + T cells showed that those cells exposed to PD-L1 + hepatoma cells generated in different ways produced comparable IFN-γ and IL-2 and expressed similar levels of surface degranulation marker CD107a (Figure 7, F and G) . Thus, TAM-CM-generated PD-L1 + hepatoma cells displayed the ability to resist the cytotoxicity of T cells, but not to additionally suppress the function of CD8 + T cells.
Suppressing macrophage-elicited NF-κB signal augments immunecheckpoint blockade efficacy.
To determine whether macrophage-elicited NF-κB activation suppresses PD-L1-related cancer concentration of 0.25 μg/mL could result in marked apoptosis of untreated or PD-L1-transduced HepG2 cells ( Figure 7A ). However, at the same concentration, doxorubicin did not trigger the apoptosis of TAM-CM-induced PD-L1 + hepatoma cells, but it elicited a rapid and radical apoptosis of T cell-CM-induced PD-L1 + hepatoma cells (Figure 7A ), suggesting that PD-L1 + hepatoma cells generated by macrophages establish resistance to conventional chemotherapy. Supporting our hypothesis that the NF-κB signal contributed to aggressive features of PD-L1 + cancer cells, either suppressing the activation of NF-κB or knocking down the P65 NF-κB subunit in hepatoma cells effectively abolished the TAM-CM-mediated resistance to chemotherapy ( Figure 7 , B and C).
We also established an autologous ex vivo model to investigate the resistance of PD-L1 + hepatoma cells to tumor-specific T cell cytotoxicity. PD-L1
+ hepatoma Hepa1-6 cells were generated by transducing with pBABE-Puro retroviral vector encoding mouse PD-L1 or by exposure to CM from Hepa1-6 hepatoma-derived macrophages or T cells ( Figure 7D ). Thereafter, we cultured these cells with CD8 + T cells directly isolated from mouse Hepa1-6 hep- resistance of hepatoma cells to therapeutic strategies (Figure 7 ), combined usage of anti-PD-L1 and anti-CSF1R Abs in hepatomabearing mice reduced tumor volumes at each measurement time point from day 18 (n = 8 mice per group; *P < 0.05 compared with control Ab), eventually eliminating the hepatoma in vivo ( Figure  8B ). Analogously, we obtained the same conclusion when using B16-F10 melanoma as a model system (Supplemental Figure 5) immunotherapeutic efficacy in vivo, we initially inoculated PD-L1-transduced Hepa1-6 hepatoma into the dorsal tissue of C57BL/6 mice for 15 days. Thereafter, we used a specific Ab to either deplete macrophages or shield the PD-L1 signal in those mice ( Figure 8A) . Depleting macrophages or injecting Abs to shield the PD-L1 signal in these mice partially affected the progression of hepatoma (Figure 8B ). Supporting our findings in vitro that macrophages elicited other investigators have identified proinflammatory TNF-α as a major factor triggering cancer cell immunosuppression against T cell surveillance via stabilization of PD-L1 (30, 31) . Both NF-κB and STAT signals are tightly associated with inflammatory responses in human cancers (32, 33) , but the functions and regulation of these signals in human cancers remain unclear. The present study provided evidence that cytokine-mediated activation of either NF-κB or STAT1 can individually regulate the expression of PD-L1 in both human and mouse cancer models. Importantly, NF-κB signal-induced PD-L1 + cancer cells exhibit capabilities of aggressive proliferation, support angiogenesis, and metastasize, whereas STAT1 signal-triggered PD-L1 + cancer cells display a proapoptotic phenotype. In fact, although not directly related to human cancers, activation of NF-κB signaling has been shown to participate in regulating the multiple processes of cell proliferation, survival, migration, and invasion (34) (35) (36) . Contrary to functions of NF-κB signaling, STAT1 signaling often possesses tumor suppressor functions (37, 38) , constitutively active STAT1 can effectively induce apoptosis and inhibit cell growth (39, 40) , and STAT1 is frequently downregulated in various human cancers (41, 42) . Therefore, a better understanding of the signaling network of PD-L1 regulation in human tumor environments would be helpful for developing rational designs of anticancer therapies that can amplify the antitumorigenic function of immune-checkpoint blockade (43) (44) (45) (46) .
In 32 types of cancers analyzed, we only detected positive associations between PD-L1 and macrophages or T cell lineage markers in 21, showing that, in the other 11 types of cancers analyzed, major factors contributing to tumor PD-L1 induction were unrelated to the immune landscapes. In fact, besides being induced by immune landscapes, tumor PD-L1 might be regulated by many other biological processes, including chromosomal rearrangements, copy number alterations, oncogenic pathway dysregulation, and epigenetic modulation (47) (48) (49) (50) . In addition, although our current work focuses on the prognostic value and the immune landscapes of PD-L1 + cancer cells, PD-L1 + host cells, particularly macrophages and dendritic cells, also play very important roles in promoting cancer progression (16) (17) (18) . Of note, activated APCs, but not suppressive APCs, are more potent in expressing PD-L1 (16, 51) . Thus, blocking PD-L1 on activated APCs may not only abrogate coinhibitory functions of the PD-L1/PD-1 axis, but may also restore costimulatory properties of APCs to induce tumor-specific T cell responses. Studying the source, regulation, and function of PD-L1 + cells may help us better understand their roles in tumor pathogenesis.
Our results give important insights into the immune signature, induction, and functional status of PD-L1 + cancer cells in human cancers. Despite recent success in demonstrating the importance of macrophages and the PD-1/PD-L1 axis during tumor progression and therapy (1, 2, 52, 53), little is known about the regulating roles of macrophages in the clinic in PD-1/PD-L1 blockade. In our study, we have demonstrated that macrophages not only generate PD-L1 + cancer cells, but also endow those cells with capabilities to aggressively survive, support angiogenesis, and metastasize. In addition to its biological importance, our work may be relevant in clinical management of cancer patients. Our data raise an important clinical question: is immune-checkpoint blockade suitable for cancer patients with a high amount of macrophage infiltration? Alternatively, we suggest that cancer patients can be treated with Considering that the NF-κB signal regulated aggressive features of PD-L1 + cancer cells (Figure 6 ), we subsequently knocked down the P65 gene in Hepa1-6 hepatoma and found that this treatment partially impaired the growth of hepatoma in vivo ( Figure 8, C and D) . In such a model, injecting anti-PD-L1 Abs led to complete regression of hepatoma ( Figure 8D ). Of note, we also found that the NF-κB signal signature score positively correlated with both macrophage marker CD68 expression in tumor tissues and recurrence in patients with PD-L1 hi HCC, COAD, LUAD, and STAD tumors (Figure 8, E and F) . Taken together, our data show that changing macrophage infiltration or suppressing the NF-κB signal in tumors augments the therapeutic efficacy of an anti-PD-L1 Ab.
Discussion
Immune landscapes shape progression of human cancers (21) (22) (23) (24) . In this work, we have shown that the multiplicity of immune signatures of PD-L1 + tumors controls clinical outcomes and cancer hallmarks as well as therapeutic efficacy in patients.
In the tumor microenvironment, PD-L1 can be upregulated in both tumor and host cells (16) (17) (18) . To date, the prognostic significance of PD-L1 expression in human tumor progression is still unclear. It is noteworthy that PD-L1 upregulated on either cancer cells or host cells can lead to the exhaustion of tumor-specific T cells (16, 19, 25) . In parallel, PD-L1 expression in tumor tissues is assumed to duplicate tumor-reactive T cell infiltration and represent a predictive biomarker of benefit from the PD-L1/PD-1 blockade (6, 7). However, our current study reveals that, although T cells selectively accumulate in PD-L1 hi tumors, PD-L1 expression in tumor tissue cannot exclusively represent the IFN-γ signature or T cell infiltration. We demonstrate that PD-L1 expression in tumor tissue had no impact on patients' recurrence. Interestingly, in patients with PD-L1 hi tumors, an increased ratio of macrophages to T cells in tumor tissue predicts early recurrence. It is plausible that it is not PD-L1 per se, but rather the environments that induce PD-L1, that determine tumor recurrence (26) . This notion is supported by our observation that infiltrated macrophages can generate PD-L1 + cancer cells exhibiting aggressive cancer hallmarks. PD-L1 can be regularly induced or maintained by T cellderived mediators, of which IFN-γ is the most potent (27) (28) (29) . In this work, we demonstrate that macrophages can operate via IFN-γ-independent pathways to trigger PD-L1 on cancer cells, and this conclusion is supported by the results of 3 sets of experiments. First, TAM-CM individually upregulated cancer cell PD-L1, and this process was abrogated by neutralizing TNF-α or IL-1β, but not by IFN-γ. Second, TAM-CM induced PD-L1 on cancer cells by activation of NF-κB, whereas T cell-CM triggered PD-L1 on cancer cells by phosphorylating STAT1, a downstream signal of IFN-γ. Third, in mice with hepatoma, macrophages and T cells could individually trigger PD-L1 + hepatoma, but macrophages simultaneously accelerated the growth of PD-L1 + hepatoma, while T cells delayed the growth of PD-L1 + hepatoma. Moreover, we previously showed that autocrine antiinflammatory IL-10 was required for PD-L1 induction in tumor macrophages (16 sentative fields were selected using a Leica DM IRB inverted research microscope (Leica Microsystems). Thereafter, respective areas were measured at ×400 magnification (0.146 mm 2 per field). The numbers of nucleated stromal cells in the tumor regions were then counted manually and expressed as cells per field. Positively stained cells that were smaller than the size of circulating T cells (10 μm) were excluded from counting. The average of counts by 2 investigators was applied in the following analysis to minimize interobserver variability. Isolation of tumor leukocytes and preparation of CM from tumor leukocytes. Fresh HCC biopsy specimens were cut into small pieces and digested in RPMI 1640 supplemented with 0.05% collagenase IV (Sigma-Aldrich), 0.002% DNase I (Roche), and 20% FBS at 37°C for 30 minutes. Dissociated cells were filtered through a 150 μm mesh and separated by density gradient centrifugation. Thereafter, the leukocytes were harvested and the tumor-infiltrating neutrophils, monocytes, T cells, NK cells, and B cells were sorted by FACS according to CD15, CD14, CD3, CD56, and CD19 expression and based on forward-scatter and side-scatter profiles (Supplemental Figure 2B) . The Abs used are listed in Supplemental Table 6 .
For preparation of CM from tumor leukocytes, 10 6 sorted CD45 + leukocytes were resuspended in 1 mL of CM and cultured. After 24 hours, the supernatants were harvested, centrifuged, and stored at −80°C. All specimens were from individuals without concurrent autoimmune disease, HBV, HCV, HIV, or syphilis. The digested tumor or liver cells were washed in medium containing polymyxin B (20 μg/ mL; Sigma-Aldrich) to exclude endotoxin contamination.
Flow cytometry (FACS).
Huh7, HepG2, or Hep3B cells or mouse T cells from ex vivo culture were stained with fluorochrome-conjugated Abs according to the manufacturers' instructions. For apoptosis assay, an annexin V apoptosis detection kit was used according to the manufacturer's instructions (Biovision, 1001). Data were measured by flow cytometer (Gallios, Beckman Coulter) and analyzed using FlowJo software, version 10.0. The Abs used are listed in Supplemental Table 6 .
ELISA. Concentrations of IFN-γ (eBioscience, 88-7314) and IL-2 (eBioscience, 88-7024) in the supernatants from mouse T cell and hepatoma cell coculture systems were detected using ELISA kits according to the manufacturers' instructions.
Immunoblotting. Proteins were extracted as previously described (20) . The Abs used are listed in Supplemental Table 6 .
Real-time PCR. TRIzol reagent (Invitrogen) was used to isolate total RNA of cancer cells from an ex vivo culture system. Aliquots (2 μg) of the RNA were reverse transcribed using MMLV Reverse Transcriptase (Promega). The specific primers used to amplify the genes are listed in Supplemental Table 7 . PCR was performed in triplicate using SYBR Green Real-Time PCR MasterMix (TOYOBO) in a Roche LightCycler 480 System. All results are presented in arbitrary units relative to 18S rRNA expression.
Tumor cell lines. Human hepatoma Huh7, Hep3B, and HepG2 cell lines were obtained in August 2015 from the Cell Bank of the Type Culture Collection of the Chinese Academy of Sciences (Shanghai, China). The mouse hepatoma cell lines Hepa1-6 and B16-F10 were obtained from the Cell Bank of the Type Culture Collection of the Chinese Academy of Sciences in January 2018 and February 2019, respectively. Experiments were carried out within 6 months after purchase. All cells were tested for mycoplasma contamination using the single-step PCR method and maintained in CM composed of DMEM supplemented with 10% FBS.
immune-checkpoint blockade in combination with strategies targeting the "context" of macrophages and NF-κB signaling. In this study, depleting macrophages does directly impair NF-κB signaling-mediated cancer growth. It should be emphasized that depleting macrophages only abolishes their protumorigenic functions, but modulating the "context" of macrophages might restore their antitumorigenic properties. In support of this conclusion, we have recently observed that depleting B cells in hepatoma-bearing mice repurposed the macrophage polarization away from protumorigenic properties and toward antitumorigenic pathways and subsequently elicited antitumorigenic T cell responses (23, 24, 54) . Analogously, NF-κB inhibitors in therapy may directly attenuate the growth of a tumor, but such a treatment also abrogates the activities of antitumorigenic effector T cells or APCs (55) (56) (57) . Thus, studying the mechanisms that can specifically modulate functional activities of inflammatory stroma cells or cancer cells would be helpful for developing a novel strategy for anticancer therapy (58) (59) (60) .
Methods
Patients and specimens. Tissue samples were obtained from 631 patients with pathologically confirmed hepatocellular, pulmonary, colorectal, and gastric carcinomas at the Cancer Center of Sun Yat-sen University (Supplemental Tables 1 and 4) . None of the patients had received anticancer therapy before the sampling, and those with concurrent autoimmune disease, HIV, or syphilis were excluded. Tumor tissues and paired blood samples (taken on day of surgery) from 37 HCC patients who underwent surgical resection between December 2015 and December 2018 were used for isolating tissue-infiltrating leukocytes (cohort 2; Supplemental Table 1 ). Other samples with complete follow-up data were enrolled for analysis of recurrence (Supplemental Tables 1 and 4) . Clinical stages were classified according to the guidelines of the Union for International Cancer Control (61) .
Immunohistochemistry and immunofluorescence. Paraffin-embedded human HCC samples were cut in 5 μm sections, which were processed for immunohistochemistry. The sections were subsequently incubated with Abs against human CD3 (UMAB54, ZSBio), CD68 (KP1, Dako), CD79a (EP82, ZSBio), CD15 (MMA+BY87, ZSBio), CD57 (NK-1, ZSBio), or CD34 (10C9, ZSBio), then stained in an Envision System (DakoCytomation).
For immunofluorescence analysis of patient samples, frozen sections were stained with mouse anti-human PD-L1 (MIH1, eBioscience) together with rabbit anti-human CD68 and rat anti-human CD3, followed by Alexa Fluor 488-conjugated anti-mouse IgG plus Alexa Fluor 555-conjugated anti-rat IgG and Alexa Fluor 633-conjugated anti-rabbit IgG; or mouse anti-human PD-L1 followed by Alexa Fluor 488-conjugated anti-mouse IgG (Molecular Probes). Positive cells were detected by confocal microscopy (LSM 510, AxioObserver, Carl Zeiss).
For immunofluorescence analysis of cultured cells, cells growing on a cover slide were fixed, permeabilized, and incubated with mouse antihuman E-cadherin (36/E-Cadherin, BD Biosciences), mouse anti-human Vimentin (RV202, BD Biosciences), or rabbit anti-human P65 (D14E12, Cell Signaling Technology), followed by incubation with Alex Fluor 488-conjugated anti-rabbit IgG. Nuclei were counterstained with DAPI.
Evaluation of immunohistochemical variables. The procedure for evaluation of immunohistochemical variables was established as previous described (16) . Analysis was performed by 2 independent observers who were blinded to the clinical outcome. At a low-power field (×100), the tissue sections were screened, and the 5 most repre-jci.org
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Animal experiments. WT female C57BL/6 mice (6 to 8 weeks old) were purchased from the Guangdong Medical Laboratory Animal Center (Guangzhou, China). NOD SCID mice were purchased from the Nanjing Biomedical Research Institute of Nanjing University (Nanjing, China). All mice were maintained under specific pathogen-free conditions in the animal facilities of the Cancer Center of Sun Yat-sen University. All mice were randomly grouped. Mouse Hepa1-6 hepatoma was established as shown in Figure 8 , A and C, Supplemental Figure  2 , E, F, and H, and Supplemental Figure 5A . For the xenograft tumor model, primary tumor tissues from 6 HCC patients were implanted subcutaneously into the flanks of NOD SCID mice with Matrigel (R&D Systems). Three weeks after implantation, tumors were collected and subjected to immunofluorescence analysis to detect PD-L1 expression. The Abs used are listed in Supplemental Table 6 .
Statistics. Results are expressed as mean ± SEM. All statistical tests were performed as 2 sided. For data normally distributed, we applied Student's t test, and the nonparametric exact Wilcoxon's signed-rank test was used to compare data not normally distributed. For multiple comparisons (including multiple 2-group comparisons shown in the same panel), 1-way or 2-way ANOVA (for parametric data) followed by Bonferroni's correction (when only 2 groups were compared), Dunnett's test (when all groups were compared with 1 control group), Tukey's multiple comparison test (when all groups were compared with each other), or Kruskal-Wallis test (for nonparametric data) followed by Dunn's multiple comparison test was applied. Cumulative survival time was estimated by the Kaplan-Meier method, and the logrank test was applied to compare the groups. P < 0.05 was considered statistically significant. No animal data were excluded.
Study approval. All animal experiments were performed with the approval of the Institutional Animal Care and Use Committee of Sun Yat-sen University. For experiments using human samples, all samples were anonymously coded in accordance with local ethical guidelines (as stipulated by the Declaration of Helsinki). Written informed consent was obtained from patients, and the protocol was approved by the Ethical Review Board of Sun Yat-sen University.
Author contributions
YW, QZ, XML, and DMK designed, performed, and analyzed experiments. WML, DPC, MM, CXH, and ZYL performed experiments and analyzed the data. BL, LZ, and ZG provided mice, clinical resources, and technical support. DMK supported and supervised the research. YW and DMK wrote the manuscript, and all authors contributed to editing the manuscript.
